SUMMARY
The establishment of functional neural circuits requires the guidance of axons in response to the actions of secreted and cell-surface molecules such as the semaphorins. Semaphorin 3E and its receptor PlexinD1 are expressed in the brain, but their functions are unknown. Here, we show that Sema3E/PlexinD1 signaling plays an important role in initial development of descending axon tracts in the forebrain. Early errors in axonal projections are reflected in behavioral deficits in Sema3E null mutant mice. Two distinct signaling mechanisms can be distinguished downstream of Sema3E. On corticofugal and striatonigral neurons expressing PlexinD1 but not Neuropilin-1, Sema3E acts as a repellent. In contrast, on subiculo-mammillary neurons coexpressing PlexinD1 and Neuropilin-1, Sema3E acts as an attractant. The extracellular domain of Neuropilin-1 is sufficient to convert repulsive signaling by PlexinD1 to attraction. Our data therefore reveal a ''gating'' function of neuropilins in semaphorin-plexin signaling during the assembly of forebrain neuronal circuits.
INTRODUCTION
The guidance of axons toward their targets is a key early step in the establishment of functional neural circuits. Axonal growth cones respond to long-and short-range signals that can be either repulsive or attractive, as well as to factors that accelerate or inhibit the rate of axonal extension (Tessier-Lavigne and Goodman, 1996; Chilton, 2006; Wen and Zheng, 2006) . Understanding how different classes of guidance molecules interact to signal repulsion and attraction remains a major challenge in developmental neuroscience. Most approaches to this question have studied the response of individual growth cones to guidance signals in vitro. In cultured neurons, repulsion by a given guidance cue can be switched to attraction by the modulation of cyclic nucleotide and Ca 2+ levels or by the expression of different combinations of receptor components (Song et al., 1998; Henley and Poo, 2004; Hong et al., 1999) . However, it remains to be determined whether such mechanisms play a role in vivo during development of the vertebrate nervous system. The semaphorins constitute a diverse family of axonal guidance molecules that share a common Sema domain (Yazdani and Terman, 2006) . Semaphorins have generally been considered as repellents or inhibitors of axon growth. However, there is evidence that some semaphorins act as bifunctional attractive and repulsive signals (Bagnard et al., 1998; Kantor et al., 2004; Wolman et al., 2004; Falk et al., 2005) , but in no case has the underlying molecular mechanism been elucidated. Receptor complexes for vertebrate class 3 semaphorins (Sema3A to Sema3G) generally comprise neuropilins as ligand-binding components and plexins as signal-transducing components Tamagnone et al., 1999) . Among class 3 semaphorins, Sema3E is unusual in that it does not interact directly with neuropilins but instead binds directly to PlexinD1 (Gu et al., 2005) . In vivo, Sema3E/PlexinD1 signaling controls blood vessel patterning by triggering a repulsive response (Gu et al., 2005) . Both Sema3E (Christensen et al., 1998; Miyazaki et al., 1999; Watakabe et al., 2006) and PlexinD1 (van der Zwaag et al., 2002; Watakabe et al., 2006) are expressed in the nervous system. However, the contribution of either Sema3E or PlexinD1 to brain development remains unknown.
The mammalian forebrain is one tissue in which semaphorin receptor components, including plexins and neuropilins, show complex expression patterns (Skaliora et al., 1998; Cheng et al., 2001; Worzfeld et al., 2004) . In the forebrain, axons in descending pathways follow complex trajectories to reach lower brain centers. These include the corticofugal and striatonigral tracts ( Figure 1A ), which grow through the cerebral peduncle to innervate distinct targets at the midbrain, brainstem, and spinal cord levels (Joosten et al., 1987; Martin, 2005; Fishell and van der Kooy, 1987) . A second pathway, the subiculo-mammillary tract (Figure 2A ), is the major output structure of the hippocampal formation and projects through the postcommissural fornix to the mammillary bodies in the caudal hypothalamus (Swanson and Cowan, 1977; Kishi et al., 2000) . The signals that guide descending axons through the forebrain during embryonic development remain poorly understood.
We have examined the possibility that the differential expression and signaling functions of plexins and neuropilins determine the repulsive or attractive response of growing axons to individual semaphorins, focusing on the role of Sema3E/PlexinD1 in development of the descending forebrain pathways. We find that Sema3E can act as a bifunctional ligand in vivo, depending on the composition of the receptor complex. For subpopulations of corticofugal and striatonigral neurons, which express PlexinD1 but not neuropilins, Sema3E acts as a repellent. In contrast, in subiculo-mammillary neurons, the presence of receptor complexes involving Neuropilin-1 (Npn-1) in addition to PlexinD1 switches the Sema3E signal from repulsion to attraction and/or stimulation of axonal growth. At adult stages, mice deficient for Sema3E show behavioral defects that are consistent with the persistent perturbation of the subiculo-mammillary tract. Taken together, our data reveal a novel gating function for neuropilins in semaphorin-plexin signaling and reveal that the differential deployment of plexin and neuropilin receptors has a critical role in vivo in shaping the development of major descending forebrain axonal projections.
RESULTS

PlexinD1 Is Expressed by Growing Axons in Two Major Descending Pathways
To visualize potential neuronal targets of Sema3E activity, we analyzed the binding of Sema3E-alkaline phosphatase (H-J) Immunolabeling of the candidate receptor components PlexinD1 (red) and Npn-1 (green) on coronal sections of wild-type brain at E17.5. High-magnification views at different levels of the corticofugal and striatonigral pathways (ic in [H] , cp in [I] and [J] ) show that PlexinD1 is expressed throughout the corticofugal and striatonigral projections but that no coexpression of Npn-1 can be detected on these axons. Apparent interruption of the cerebral peduncle corresponds to a level at which corticofugal axons are out of the plane of section.
(K-M) Coronal sections of E17.5 wild-type mouse brain were hybridized with probes for Sema3E (K), PlexinD1 (L), and Npn-1 (M). Strong signal for Sema3E can be seen in the globus pallidus (GP) and thalamic reticular nucleus (TRN) between which corticofugal and striatonigral axons must pass (box 1 in panel [A] ). PlexinD1 mRNA is expressed in ventrolateral regions of the cortex, whereas Npn-1 mRNA shows complementary expression in dorsomedial regions of the cortex. PlexinD1 mRNA, but not Npn-1 mRNA, is expressed in the striatum. Inset panel in (L) shows high-magnification view of staining in the cortical plate of the ventrolateral cortex. ISH, in situ hybridization. Scale bars, 650 mm (B-D), 100 mm (E-K), 50 mm (L and M).
(Sema3E-AP) fusion protein to sections of mouse brain at E17.5, when major descending nerve tracts have begun to form (Figures 1 and 2 ). Sema3E-AP delineated two axonal pathways. A first pathway-through the internal capsule (ic; Figures 1B and 1E ) and the cerebral peduncle (cp; Figures 1C, 1D , 1F, and 1G)-marks a trajectory common to corticofugal and striatonigral projections ( Figure 1A) . A second Sema3E-AP-delineated pathway-through the fimbria (fim; Figures 2B and 2E ), the fornix (f; Figures 2C  and 2F ), and the postcommissural fornix (pf; Figures 2D  and 2G )-marks the trajectory of the subiculo-mammillary tract (Figure 2A ).
In the vascular system, the principal functional receptor for Sema3E is PlexinD1 (Gu et al., 2005) . No Sema3E-AP binding could be detected using sections of PlexinD1 À/À embryonic brain (see Figures S1U and S1V in the Supplemental Data available with this article online), demonstrating that PlexinD1 is also the predominant binding partner for Sema3E in the brain. PlexinD1 mRNA was detected in the ventrolateral regions of the cortex (including the piriform, perirhinal, and insular cortices), in the striatum, and in the pyramidal layer of the subiculum (Figures 1L and 2L and Figure S2 ) during the formation of the descending pathways in the forebrain (at E15.5-E17.5). Moreover, PlexinD1 protein was detected along the length of axons in the cerebral peduncle and postcommissural fornix Figure S3 ). Anterograde DiI tracing from the ventrolateral cortex, striatum, and hippocampal formation at E17.5 labeled the same axon tracts as did Sema3E-AP binding ( Figure S1 ) and PlexinD1 antibody ( Figures 1H-1J and 2H-2J), confirming the identity of the pathways identified. We therefore focused our analysis on the role of Sema3E in controlling the growth and trajectory of axons along these two descending forebrain pathways.
Correlation between Npn-1 Expression and Differing Growth Responses to Sema3E In Vivo To understand how Sema3E influences the growth of these forebrain projections, we first identified potential sources of Sema3E in proximity to growing axons in each pathway (E15.5-P2). At each stage examined, the highest levels of Sema3E expression were detected in the globus pallidus and the thalamic reticular nucleus ( Figure 1K and Figures S2A-S2C ). These nuclei surround the internal capsule, through which corticofugal and striatonigral fibers pass on their way to the cerebral peduncle, and thus could repel and channel axons at this decision point ( Figure 1A ). Along the subiculo-mammillary pathway, Sema3E expression was detected only in the pyramidal cell layers in the CA1 and CA3 fields of the hippocampus, adjacent to the subiculum ( Figure 2K and Figures S2M-S2O ). Efferent axons from CA3 and CA1 regions could act as sources of Sema3E, because they project along the same initial pathway as subiculo-mammillary axons (Figure 2A) . No other sites of Sema3E expression were observed along the pathway of hippocampal projections, at any stage examined.
Thus, axons in both sets of descending pathways pass close to cells that express Sema3E. Corticofugal and striatonigral axons avoid potential sources of Sema3E by growing between them (see scheme in Figure 1A ), whereas subiculo-mammillary axons grow alongside the axons of neurons that express Sema3E (see scheme in Figure 2A ). A possible explanation for the different growth behaviors of these classes of neurons in vivo is that neurons in each pathway express different receptor complexes for Sema3E, involving receptor components in addition to PlexinD1. Npn-1 is required for Sema3E activity in some neurons (Miyazaki et al., 1999) , and so we monitored its expression in each neuronal population (E15.5-P2). In the cortex, no Npn-1 was detected in PlexinD1-expressing ventrolateral regions of the cortex; and expression of Npn-1 was restricted to more dorsal areas of the cortex ( Figure 1M and Figures S2G-S2I ). Npn-1 was also absent from the striatum ( Figure 1M and Figures  S2G-S2I) . Furthermore, Npn-1 protein was not detected on PlexinD1-positive axons of either the corticofugal or striatonigral tracts ( Figures 1H-1J and Figure S3 ), although it was clearly expressed in unidentified adjacent tracts in the pons ( Figure 1J ). In contrast, Npn-1 was observed in the subiculum, overlapping with the domain of PlexinD1 expression ( Figure 2M and Figures S2S-S2U), and Npn-1 protein was expressed along the full length of the subiculo-mammillary tract ( Figures 2H-2J and Figure S3 ). Moreover, PlexinD1 and Npn-1 were coexpressed by individual subicular axon fascicles within the postcommissural fornix ( Figure 2J ).
Together, these findings reveal that forebrain neurons exhibit two contrasting patterns of semaphorin ligand-receptor expression. A subpopulation of corticofugal axons and striatonigral axons express PlexinD1 but not Npn-1 and evade sources of Sema3E surrounding the internal capsule. In contrast, subiculo-mammillary axons express both PlexinD1 and Npn-1 and grow together with axons of CA1 and CA3 neurons that express Sema3E (schemes in Figures 1A and 2A ).
Differential Axonal Responses to Loss of Sema3E In Vivo
We next examined the role of Sema3E in the development of descending forebrain axonal projections by comparing axon trajectories in wild-type and Sema3E À/À mice. The gross morphology of the internal capsule labeled with Sema3E-AP was very similar in E17.5 wild-type and Sema3E À/À embryos ( Figures 3E and 3F ). However, in all mutant embryos, ectopic axon fascicles labeled by Sema3E-AP projected through the thalamic reticular nucleus ( Figure 3F ) and terminated abnormally in the dorsal midbrain (Figures 3G and 3H and Figure S9 ; pattern observed in 5/5 Sema3E À/À and 0/7 wild-type littermate embryos). In the absence of specific markers, it was not possible to distinguish whether the ectopic fibers reflected misguidance of corticofugal or striatonigral axons or both.
Along the subiculo-mammillary pathway of Sema3E
embryos, no Sema3E-AP binding was detected in the region of the postcommissural fornix at E17.5 (Figures 3I-3L; pattern observed in 5/5 Sema3E À/À and 0/7 wildtype littermate embryos), although the number of subicular neurons was unchanged ( Figure S4 ). This observation suggests that subicular axons fail to project along the subiculo-mammillary tract in the absence of Sema3E. To assess this possibility, we performed anterograde DiI tracing from the dorsal hippocampus at E17.5. In Sema3E À/À mutants, the postcommissural fornix contained few, if any, labeled axons, whereas it was robustly labeled in wild-type controls (Figures 3M and 3N ; phenotype observed in 6/6 mutant and 0/4 wild-type embryos). No ectopic DiI-labeled axons were detected in mutant embryos. As a control to determine whether the phenotype in Sema3E À/À embryos was specific to subicular axons, we examined the precommissural fornix and hippocampal commissure, through which CA1 and CA3 efferents project ( Figure 3C ), and found that labeling was normal (data not shown).
To examine whether Sema3E acts through PlexinD1 to control axonal growth, we examined PlexinD1 , 0/1 wild-type, and 0/2 heterozygote embryos). In the absence of specific markers for cortical and striatal efferents, other than PlexinD1, the characterization of these pathways in PlexinD1 À/À mutant embryos was not feasible.
Thus, in the absence of Sema3E signaling, some corticofugal and/or striatonigral axons, which are normally routed through the internal capsule, grow instead into the thalamic reticular nucleus and dorsal midbrain, regions from which they are normally excluded (scheme in Figure 3B ). In contrast, subiculo-mammillary axons in Sema3E/PlexinD1 mutant embryos showed reduced growth toward the postcommissural fornix (scheme in Figure 3D ). One explanation for these findings would be that Sema3E is normally repulsive for corticofugal and/or striatonigral axons but attractive and/or growth promoting for subiculo-mammillary axons, a possibility we test below.
Adult Sema3E Null Mice Show Behavioral Defects Reflecting Decreased Anxiety and Memory Impairment
We also asked whether the perturbations observed in Sema3E À/À embryos persist at later stages. The exuberant projections of Sema3E-AP-labeled axons into the thalamic reticular nucleus of Sema3E À/À embryos could no longer be detected at P4 (Figures 4A and 4B) , suggesting that the defect in corticofugal and/or striatonigral projections had been corrected by elimination of the ectopic axons. In contrast, neurofilament immunostaining on coronal brain sections of P30 Sema3E À/À mice revealed a subiculomammillary tract that was abnormally thin (Figures 4C and 4D; observed in 3/3 mutant and 0/3 wild-type animals). The persistence of this axonal projection defect provided an opportunity to determine whether Sema3E inactivation affected adult behavior. Experimental lesions of the mammillary bodies lead to defects in emotional behavior and working memory Corticofugal and striatonigral projections (red) express PlexinD1 but not Npn-1. Sema3E (blue) is expressed at high levels in the reticular nucleus of the thalamus (TRN), which lies on the dorsal side of the internal capsule (ic) and in the globus pallidus (GP), ventral to the internal capsule. In Sema3E null embryos (gray), some axons depart from their normal trajectory and grow through the reticular nucleus to terminate ectopically in the dorsal midbrain. This suggests that in this system, Sema3E serves as a repulsive signal for growing axons. (C and D) Subiculo-mammillary axons (orange) express both PlexinD1 and Npn-1. Sema3E is expressed by pyramidal neurons of the hippocampal CA1 field (blue) and therefore is likely to be present along the full length of CA1 efferent projections adjacent to subiculo-mammillary axons in the fimbria and fornix. In the absence of Sema3E (gray), the development of subicular projections is massively delayed, and only few fibers reach their target in the hypothalamus. This suggests that in this system Sema3E serves as an attractive and/or growth-promoting signal for growing subicular axons. (E and F) Sema3E-AP binding to the internal capsule of E17.5 wild-type (E) and Sema3E null (F) embryos. In mutant embryos, a fraction of labeled fibers defasciculates from the internal capsule and grows through the reticular nucleus of the thalamus (arrows). brains were traced by DiI injection in the hippocampal formation. Only a small number of labeled axons was observed in the caudal hypothalamus of PlexinD1 null embryos (arrow). ac, anterior commissure; cp, cerebral peduncle; Ctx, cortex; CA1 and CA3, cornus ammonis 1 and 3; f, fornix; fim, fimbriae; fr, fasciculus retroflexus; GP, globus pallidus; hipc, hippocampal commissure; ic, internal capsule; pf, postcommissural fornix; R-> C, rostrocaudal axis; SN, substantia nigra; Sp, septum; St, striatum; Sub, subiculum; TRN, thalamic reticular nucleus. Scale bars, 650 mm (I and J), 120 mm (K-P), 100 mm (E-H). (Beracochea and Krazem, 1991; Santin et al., 1999 Figure 4E) and their extremities ( Figure 4F ) >3-fold more frequently than did wild-type controls. They also spent >5-fold longer periods in the open arms ( Figures 4G and 4H ). All effects of genotype were highly significant (n = 11 mice per genotype; p < 0.016 by ANOVA). Increased exploration did not reflect a general increase in motility, as spontaneous activity of mutant mice in isolation was not altered (data not shown). Sema3E À/À mice therefore show behavior suggestive of reduced anxiety levels. The performance of Sema3E À/À mice was also evaluated in the Morris water maze, which provides a measure of spatial memory. Mutant mice showed normal performance when the platform in the tank was visible, demonstrating that Sema3E À/À mice have no deficit in swimming ability, motivation, or other performance parameters (data not shown). The mutant mice were also normal in the acquisition and retrieval of spatial reference memory tested in the hidden platform version of the task ( Figure 4I ). We therefore used a variant of the Morris water maze in which the position of the platform is changed from day to day (Malleret et al., 1999) . Each day, initial placement onto the daily platform (sample stage) was followed by four trials of escape latency. Results for each successive trial were averaged across five successive days ( Figure 4J ). Wild-type mice learned from their initial placement and performed correctly in the first daily trial. In contrast, Sema3E À/À mice exhibited 30% longer latency than wildtype mice on the first daily trial (p = 0.03). Nevertheless, they were able to improve their trial-to-trial performance on a given day, showing correct short-term processing of spatial information in subsequent trials ( Figure 4J ). Thus the null mutant mice showed intact spatial reference memory but a moderately impaired spatial working memory. Sema3E À/À mice therefore show an adult behavioral pattern consistent with dysfunction of the mammillary bodies.
Both Positive and Negative Effects of Sema3E on Axonal Growth Require PlexinD1
We next addressed the mechanisms underlying Sema3E signaling in the different forebrain neuronal populations.
To determine directly how coexpression of Npn-1 with PlexinD1 affects growth responses to Sema3E, we cultured dissociated neurons from the ventrolateral region of the cortex expressing PlexinD1 but not Npn-1, or from the subiculum expressing PlexinD1 and Npn-1 ( Figure 5A ). The hippocampus proper was taken as a control, because it expresses undetectable levels of PlexinD1 ( Figure 2L ). We first determined whether the profile of receptor expression in these cultures faithfully reflected the in vivo pattern. As expected, PlexinD1 protein was expressed by 90% of cultured neurons from the ventrolateral cortex and 92% of subicular neurons, whereas Npn-1 could only be detected in subicular cultures, in which it was expressed by 90% of neurons ( Figure S5 ). To measure the effects of Sema3E on axonal elongation, neurons were cultured in the presence or absence of recombinant Sema3E (5 nM), and axon length was quantified after 2-3 days. The number of living neurons was not affected by Sema3E (data not shown), but in the presence of Sema3E, cortical axon length was reduced by 45% (p < 0.001; Figures 5B and 5C ). In contrast, the mean length of subicular axons was increased by 55% in the presence of Sema3E (p < 0.001; Figures 5B and  5C ). The length of hippocampal axons was unaffected by the addition of Sema3E ( Figure 5C ).
To determine whether the opposite effects of Sema3E on axonal length are also reflected in its effects on axonal guidance, explants of ventrolateral cortex, subiculum, or hippocampus were cocultured with aggregates of HEK293T cells expressing Sema3E or control cells (Figures 5D and 5E ). When confronted with Sema3E-expressing cells, the length of cortical axons in the quadrant closest to the explant was reduced by 40% compared to that in the opposite quadrant (p < 0.05; Figures 5D and 5E ). Thus, Sema3E repels the axons of cortical neurons. In contrast, subicular axons were attracted to Sema3E. Axonal length was $70% greater in the quadrant proximal to Sema3E-secreting cells as compared to the distal quadrant (p < 0.001; Figures 5D and 5E ). Axons from hippocampal explants cocultured with control and Sema3E-expressing cells extended in a radially symmetric manner ( Figure 5E ).
Explants of either ventrolateral cortex or subiculum taken from PlexinD1 À/À mice showed radial growth despite the presence of Sema3E-expressing cells ( Figures  5D and 5E ), demonstrating that PlexinD1 is required for both the repulsive and attractive effect. To examine whether the altered behaviors directly reflected the absence of PlexinD1 signaling, rather than an earlier developmental defect, we studied the effects of knockdown of PlexinD1 in dissociated neurons, using two different siRNAs that lowered PlexinD1 expression in COS-7 cells by >95%, without affecting Npn-1 levels ( Figures S6A-S6C ). The siRNAs were coelectroporated with a GFP reporter vector, and only cells that had been transduced (as indicated by GFP fluorescence) were included in the analysis. As with PlexinD1 À/À neurons, knockdown of PlexinD1 to low levels abrogated both positive and negative effects of Sema3E on axonal length (Figures 5F and  5G) . As a control, we grew cultures of neurons isolated from the dorsal part of the cortex, which exhibits minimal expression of PlexinD1 in mouse embryos (see Figure S2E ). The same siRNAs had no effects on inhibition of axon growth by Sema3A, indicating that effects of PlexinD1 knockdown were specific to Sema3E ( Figure S7 ).
These findings indicate that cortical and subicular neurons therefore use PlexinD1 to signal contrasted axonal responses to Sema3E-repulsion/growth inhibition for ventrolateral cortex and attraction/growth stimulation for subiculum-consistent with the in vivo phenotypes of Sema3E À/À and PlexinD1 À/À embryos. Because only subicular neurons express Npn-1, our data suggest a model in which ''gating'' by Npn-1 of the response of PlexinD1 to Sema3E transforms the repulsive signal mediated by PlexinD1 into an attractive effect.
Npn-1 Is Required for Stimulatory, but Not Inhibitory, Effects of Sema3E on Axonal Growth
To analyze the role of Npn-1 in each forebrain neuronal population, we used neutralizing antibodies to the extracellular domain of Npn-1. These antibodies completely block the inhibitory response of hippocampal axons to Sema3A, which is known to act through Npn-1 ( Figure 6B ; Chedotal et al., 1998) . Npn-1-blocking antibodies had no effect on the inhibitory growth response to Sema3E of cortical axons. In contrast, the antibodies completely inhibited the axonal growth-promoting effects of Sema3E on subicular neurons ( Figures 6A and 6B ). Antibodies to Npn-2, which blocked the response of hippocampal neurons to Sema3F ( Figure 6C ; Bielenberg et al., 2004) , did not interfere with the response of subicular neurons to Sema3E ( Figures 6A and 6C ), despite the fact that Npn-2 is expressed by this population (data not shown). These results suggest that Npn-1, but not Npn-2, is a necessary component of the Sema3E signaling mechanism involved in increased axonal growth.
To exclude the possibility of indirect steric hindrance by Npn-1 antibodies, we modulated Npn-1 levels in cultured neurons from ventrolateral cortex and subiculum using RNA interference. Two different siRNA sequences reduced Npn-1 levels to <5% of normal values ( Figures  S6D-S6F) . Strikingly, in dissociated cultures from E17.5 subiculum, knockdown of Npn-1 transformed the positive growth response to Sema3E into an inhibitory one (p < 0.001; Figures 6D and 6E ). The same siRNAs had no effect on the inhibition of cortical axonal growth by Sema3E ( Figures 6D and 6E) . Thus, Npn-1 is necessary for the growth-promoting effects of Sema3E on subicular neurons.
To determine whether Npn-1 is alone sufficient to confer on cortical axons a positive growth response to Sema3E, we electroporated cortical neurons with an expression vector encoding Npn-1, cotransfected with a GFP reporter vector. Cortical neurons overexpressing Npn-1 showed an 80% increase in axonal length when cultured in the presence of Sema3E, whereas neurons transfected with the GFP vector alone showed a 40% decrease in length in response to Sema3E (p < 0.001; Figures 6F and 6G ). This Npn-1-dependent growth-promoting effect required (C) Histograms of Sema3E effects in cultures of subicular, cortical, and control hippocampal (CA + DG) dissociated cells. Data are presented as mean axonal length ± SEM (n = 3) and are normalized to 100% for values obtained in control conditions. Sema3E significantly inhibits cortical growth and stimulates growth of subicular axons but has no effect on hippocampal axons. (D) Typical patterns of axonal outgrowth from explants cocultured with control and Sema3E-expressing HEK293T cells. (E) Quantification of the axonal guidance response of cortical, subicular, and hippocampal neurons to control and Sema3E-expressing HEK293T cells. Data are expressed as P/D ratio, where P and D are the mean lengths of axons in the quadrant proximal and distal to the cell aggregate (Cheng et al., 2001) . A P/D ratio close to 1 indicates radial outgrowth. Cortical axons are repelled by a source of diffusible Sema3E, whereas subicular axons are significantly attracted, and hippocampal axons show no response. All growth responses to Sema3E are PlexinD1 dependent (columns labeled D1À/À performed using PlexinD1 À/À explants). PlexinD1 function, since it could be inhibited using siRNAs specific to PlexinD1 (Figures 6F and 6G) . Thus, both Npn-1 and PlexinD1 are required to initiate a growth-promoting response to Sema3E. Indeed, Npn-1 could be coprecipitated with PlexinD1 after heterologous expression of epitope-tagged proteins in COS-7 cells ( Figure 7A ), supporting the idea that Npn-1 and PlexinD1 form part of a receptor complex (Gitler et al., 2004) . In contrast, although it could be coimmunoprecipitated with PlexinD1 in the COS-7 system ( Figure S10 ), Npn-2 did not convert the growth inhibitory response of cortical neurons to Sema3E into growth promotion (data not shown).
Mechanism of Gating of PlexinD1
Signaling by Npn-1 Npn1-PlexinD1 interactions have previously been shown to require the Sema domain in the extracellular portion of PlexinD1 (Gitler et al., 2004) . We therefore asked whether interactions between the extracellular domains of PlexinD1 and Npn-1 were sufficient to convert axonal responses to Sema3E from inhibition to growth enhancement. We used Npn1-Fc-the Npn-1 extracellular domain fused to a human Fc immunoglobulin domain-which functions as an agonist, since it rescues the vascular phenotype of Npn1 À/À embryos in vivo (Yamada et al., 2001 ). As in earlier experiments, addition of Sema3E to control cortical neurons led to a 40% decrease in mean axonal length ( Figures 7B and 7C ). In contrast, addition of Npn1-Fc to the culture medium of cortical neurons led to a 60% increase in mean axon length in response to Sema3E (p < 0.001; Figures 7B and 7C ), just as observed following forced expression of full-length Npn-1 ( Figures  6F and 6G) . A strikingly similar switch in growth responses to Sema3E from inhibition to stimulation was observed following addition of Npn1-Fc to striatal neurons (p < 0.01; Figures 7B and 7C) , which express PlexinD1 but not Npn-1 (Figures 1L and 1M) . Moreover, in coculture experiments using cortical explants, Npn1-Fc caused growing axons to be attracted toward a source of Sema3E (p < 0.05; Figures 7D and 7E) . Thus, exposure of neurons to the extracellular domain of Npn-1 is sufficient to switch their response to PlexinD1 signaling.
We investigated the possibility that Npn-1 might affect Sema3E signaling by modulating levels of PlexinD1. However, coexpression of Npn-1 in COS-7 cells did not alter surface levels of PlexinD1 ( Figure S8B ). Moreover, the K d of Sema3E binding to PlexinD1 is unchanged in the presence of full length Npn-1, whereas the number of binding sites is modified ( Figure S8C ). This result left open the possibility that the gating might involve changes in B max . However, addition of Npn1-Fc to COS-7 cells expressing PlexinD1 induced no significant change in the number of binding sites for Sema3E ( Figure S8E) . Thus, the switch in PlexinD1 signaling triggered by Npn-1 likely reflects changes in intracellular signaling events, which are currently unknown.
Together, our findings demonstrate that Npn-1 is necessary and sufficient to ''gate'' the normally inhibitory/ repulsive signal generated by binding of Sema3E to PlexinD1. Strikingly, the extracellular domain of Npn-1 is sufficient to determine whether PlexinD1 signals repulsion or attraction ( Figure 7F ). The expression of Npn-1 in subicular neurons but not in cortical or striatal neurons therefore appears to explain the differential response of these neuronal populations to Sema3E in vitro and their contrasting responses to Sema3E inactivation in vivo.
DISCUSSION
Our aim in this study was to determine whether differential receptor usage can allow a single guidance cue to exert both attractive and repulsive actions in vivo. We describe a gating mechanism for signal modulation by the semaphorin receptor component Npn-1, whose extracellular domain is sufficient to convert signaling by Sema3E/ PlexinD1 from repulsion to attraction. We show that Sema3E and PlexinD1 are key signals for axon guidance during forebrain development, and we demonstrate a novel attractive and growth-promoting role for Sema3E that appears to be required for establishment of normal behaviors in adult mice. Finally, we demonstrate that the effects of individual guidance molecules vary as a function of cellular context even between different classes of forebrain projection neurons, providing a refined level of guidance control during the assembly of neural circuits.
Central Role of PlexinD1 in Sema3E Signal
Transduction Several arguments identify PlexinD1 as a key player in Sema3E signaling. First, the only binding partner for Sema3E in the developing brain appears to be PlexinD1, as in the vascular system (Gu et al., 2005) . Second, deletion of PlexinD1 by gene targeting or by RNAi demonstrates that PlexinD1 is required for both the stimulatory/ attractive and inhibitory/repulsive activities of Sema3E on axon growth in vitro. Third, PlexinD1 À/À and Sema3E À/À mutants show the same defects in subiculo-mammillary projections in vivo. Our findings do not exclude the possibility that PlexinD1 also participates in receptor complexes for other semaphorin ligands. This is indeed suggested by the more severe perinatal lethality of the PlexinD1 À/À mutation as compared to Sema3E À/À mice, and by the ability of complexes of PlexinD1 with Npn-1 or Npn-2 to bind Sema3A, Sema3C and/or Sema4A in vitro (Gitler et al., 2004; Toyofuku et al., 2007) . Thus, in addition to its role in Sema3E signaling in axons, PlexinD1 may have other receptor functions during brain development.
Npn-1 Cooperates with PlexinD1 to Specify Sema3E-Induced Attraction Although PlexinD1 is required for all known effects of Sema3E on growing axons, it is not sufficient to explain the ability of Sema3E to trigger both attraction and repulsion. Our data demonstrate a novel role for Npn-1 in diversifying neuronal responses to Sema3E. Npn-1 is expressed on subicular axons, which show a positive growth response to Sema3E in vitro and in vivo, but not on cortical and striatal projections, which are repelled by Sema3E. Moreover, knockdown of Npn-1 causes subicular axons to be inhibited by Sema3E, whereas misexpression of Npn-1 in cortical neurons converts Sema3E-induced repulsion into PlexinD1-dependent attraction. A switch from repulsion to attraction can also be elicited using solely the extracellular domain of Npn-1. This striking finding supports a model in which the PlexinD1 response is ''gated'' by the presence of Npn-1 in the receptor complex. Our findings argue against the possibility that Npn-1 plays a role in an independent attractive mechanism that competes with PlexinD1-mediated repulsion.
In that case, inactivation of PlexinD1 would be expected to enhance attraction in subicular but not cortical neurons. Instead, inactivation of PlexinD1 leads to loss of response to Sema3E in both populations. The gating effect of Npn-1 on PlexinD1 signaling differs significantly from other roles reported for this type I transmembrane protein. In receptor complexes with PlexinA family members, Npn-1 is a required binding component for Sema3A (He and Tessier-Lavigne, 1997; Takahashi et al., 1999) . Npn-1 also interacts with specific isoforms of VEGF and enhances their affinity for the VEGFR2 receptor (Soker et al., 1998) and can mediate heterophilic cell adhesion (Fujisawa et al., 1997; Shimizu et al., 2000) . Moreover, Npn-1 may directly transduce signals during angiogenesis (Wang et al., 2006) . Thus, in its interactions with these other signaling molecules, Npn-1 initiates or potentiates a signal, but does not switch the sign of the response, as with PlexinD1.
''Gating'' of Plexin Responses by Neuropilins: A Novel Mechanism for Modulation of Semaphorin Signaling Gating of the PlexinD1 response by Npn-1 provides a novel receptor-based mechanism through which a single semaphorin can play both attractive and repulsive roles during axon guidance. Our findings bear comparison with the modulation of the response of UNC-40/DCC to UNC-6/netrin-1 by UNC-5. Axons are attracted to UNC-6/netrin-1 when they express the UNC-40/DCC receptor alone but repelled when they express UNC-40/DCC together with UNC-5 (Chan et al., 1996; Hong et al., 1999; Keleman and Dickson, 2001) . Comparison of these results with ours reveals three striking mechanistic differences. First, complex formation involving PlexinD1 and Npn-1 can be detected in the absence of Sema3E, whereas DCC/UNC-5 interactions appear to be ligand dependent (Hong et al., 1999) . Second, Npn-1 does not bind Sema3E, whereas both DCC and UNC-5 bind netrin. Finally, DCC and UNC-5 interact through their intracellular domains, whereas only the extracellular domain of Npn-1 is required to switch repulsive to attractive signaling by PlexinD1. Moreover, modulation of DCC signaling by UNC-5 has yet to be demonstrated in vivo during vertebrate development (Fazeli et al., 1997; Braisted et al., 2000; Finger et al., 2002) . Thus, the gating of PlexinD1 by Npn-1 provides new insight into the principles that direct the diversity of axonal responses during pathfinding decisions.
Other semaphorins have been shown to exhibit both attractive and repulsive activities in vitro and in vivo (Song et al., 1998; Castellani et al., 2000 Castellani et al., , 2002 Castellani et al., , 2004 Wolman et al., 2004) . However, the mechanisms underlying these differential responses in vivo have not been elucidated. The clearest example to date of both attractive and repulsive signaling by a single semaphorin in vivo is in the context of Sema3B activity during the development of the anterior commissure (Falk et al., 2005) . However, in this case, differential responses are not apparently related to differences in receptor composition.
Repulsion by Sema3E Patterns Descending Projections at the Internal Capsule
Our findings demonstrate a role for Sema3E in axonal guidance along the cerebral peduncle, the shared trajectory of corticofugal and striatonigral projections. In the absence of Sema3E, which is normally expressed on either side of the internal capsule, some PlexinD1-expressing fibers grow exuberantly through the TRN and terminate in the dorsal midbrain. The origin of the ectopic bundles in Sema3E null mutant mice could be either cortical and/or striatal.
It is likely that other cues are also required to ensure axonal guidance along this pathway. For example, Slits appear to play an important role in preventing corticofugal axons from entering ventral regions of the forebrain Lopez-Bendito et al., 2007) .
Sema3E
Is an Attractive/Growth-Promoting Factor Essential for Establishment of a Functional Subiculo-Mammillary Pathway We probed the link between developmental defects in axonal projections along the subiculo-mammillary tract and later behavioral changes in Sema3E mutant mice. Subicular projections are routed through the postcommissural fornix to the caudal hypothalamus, a major output of the hippocampal formation (Swanson and Cowan, 1977; Stanfield et al., 1987) . We find that in Sema3E null mutant mice, very few subicular axons reach the caudal (G) Quantification of the results illustrated in (F). (H) To exclude the possibility that Npn-1 was acting as a receptor for other semaphorins produced in an autocrine manner (Bachelder et al., 2003; Serini et al., 2003; De Wit et al., 2005) , responses of neurons from double-mutant Sema3A
À/À embryos to Sema3E were quantified. Even in these mutant cells, misexpression of Npn-1 in cortical neurons and knockdown of Npn-1 in subicular neurons induce switches in axonal responses to Sema3E that are similar to those observed using wild-type neurons. CA, cornus ammonis; DG, dentate gyrus. Data are presented as mean axonal length ± SEM (n = 3) and are normalized to 100% for values obtained in control conditions. *significantly different with p < 0.05; ***significantly different with p < 0.001. Scale bar, 30 mm (A, D, and F).
hypothalamus, even at adult stages. The most likely relevant source of Sema3E in vivo is provided by the axons of hippocampal pyramidal neurons. These neurons express Sema3E mRNA, and their axons grow alongside the subiculo-mammillary fibers until they leave the fornix. Axons are a plausible source because in vitro another semaphorin, Sema3A, is released from the axons of cortical neurons (De Wit et al., 2005 , 2006 , and Sema3E can be detected on axonal surfaces (S.C., O.G., F.M., unpublished data). Since Sema3E attracts axons of subicular neurons and stimulates their growth in vitro, we conclude that Sema3E expression by CA1/CA3 projections is required to guide subicular efferents out of the hippocampus toward the fimbria and/or to promote their growth along the fornix. Axo-axonal interactions have also been proposed to regulate axonal growth patterns in dense white matter tracts such as the optic nerve or limb plexi, suggesting that the interaction we observe in the subicular system may have general relevance in other brain regions (Landmesser, 2001; Oster et al., 2004) . Because Sema3E mutants are viable, and the defects in the subiculo-mammillary projection persist in adults, we have been able to explore the behavioral consequences of Sema3E inactivation. Prior lesion studies in rats demonstrated an involvement of the mammillary bodies in spatial working memory, but not reference memory (Santin et al., 1999 (Santin et al., , 2003 Conejo et al., 2004) . Moreover, mice with mammillary body lesions have an altered behavior in the elevated plus maze, suggesting decreased anxiety levels (Beracochea and Krazem, 1991) . Our findings show that Sema3E mutant mice exhibit deficits consistent with reduced anxiety levels and impaired working memory. We emphasize that the disruption of other axonal tracts in Sema3E mutants could contribute to the phenotype. Nevertheless, the striking similarities between the behavioral phenotypes of Sema3E null and lesioned animals support the idea that the embryonic defect in axonal growth along the subiculo-mammillary pathway underlies, at least in part, the behavioral deficits.
Receptor-Based Mechanisms for Modulation of Semaphorin Signaling
The gating properties of neuropilin-1 demonstrated here have clear significance in forebrain circuit assembly. They may also provide more general insights into semaphorin actions in other tissues. Sema3E/PlexinD1 signaling repels blood vessels during embryogenesis (Gu et al., 2005) , but in tumors it appears to promote angiogenesis (Christensen et al., 2005; Roodink et al., 2005) . It will be important to determine whether the differential effects of Sema3E on endothelial cells are also gated by Npn-1. The potential involvement of Npn-1 in activities reported for Sema3E in other neuronal systems (Chedotal et al., 1998; Miyazaki et al., 1999; Steinbach et al., 2002 ) also remains to be explored. Since Npn-1 can interact with Plexins-A and -B (Tamagnone et al., 1999) , it may potentially modulate responses to the transmembrane semaphorins (classes 4-6) with which these plexins interact.
The conditions for the occurrence of ''gating'' are likely to be more stringent than simple coexpression of Npn-1 and plexins. Npn-1, in spite of its widespread expression in developing heart, does not interact with PlexinA1 in ventricular cells (Toyofuku et al., 2004) . Moreover, since plexin-neuropilin associate before ligand binding (Figure 7A ; Tamagnone et al., 1999; Gitler et al., 2004) , regulation of complex formation may also have a determinant effect on the outcome of semaphorin signaling. More generally, the controlled local assembly of receptor complexes for guidance molecules may drive diversity and provide specificity that helps accommodate the inordinately large number of axonal guidance decisions taken during development of the vertebrate brain.
EXPERIMENTAL PROCEDURES Animals
Adult heterozygous mice were mated to obtain Sema3E À/À and PlexinD1 À/À embryos. The genotype of the offspring was determined by PCR as described (Gu et al., 2005) .
In Situ Hybridization
In situ hybridization was performed on 20 mm cryostat sections from E15.5, E17.5, and P2 wild-type and E17.5 Sema3E null mice as described (Carroll et al., 2001) . PlexinD1 and Sema3E probes were generously provided by M. Tessier-Lavigne and C. Christensen, respectively. Npn-1 probe was from A. Chedotal, and Dlx1 probe from J.L. Rubenstein.
Production of Sema3E-AP and Binding Assays Mouse Sema3E-AP was obtained by cloning cDNA encoding mouse Sema3E in pAPtag-5 vector (GenHunter Corporation), which contains a sequence coding for secreted alkaline phosphatase. To produce APtagged proteins, HEK293T cells were transfected with the Sema3E-AP vector, Sema3A-AP vector (gift from A. Chedotal), or empty pAPtag-5 vector as control, using Lipofectamine plus (Invitrogen). Sema3E-AP binding experiments on tissue sections were performed as described previously (Feiner et al., 1997) .
Immunohistochemistry
Immunohistochemistry was carried out as described (Carroll et al., 2001 ). The following antibodies were used: rabbit polyclonal antiserum raised against a PlexinD1 peptide (CELVEPKKSHRQSHRKK, 1:100), goat anti-Npn1 antibody (1:300, R&D System Research), mouse antineurofilament 160 antibody (1:300, clone NN18, Sigma), Cy3-conjugated donkey anti-rabbit IgG (1:500, Jackson Immuno Research), Alexa Fluor 488-conjugated donkey anti-goat IgG antibodies (1:500, Molecular Probes), and biotin-conjugated donkey anti-mouse IgG antibody (1:500, Jackson Immuno Research).
Coculture Experiments and Dissociated Neuronal Cultures
Brains from wild-type or PlexinD1 À/À mutants (E17.5-18.5) were dissected to extract small tissue pieces from the ventrolateral or dorsal cortex, striatum, subiculum, and hippocampus. Cocultures were performed as described (Castellani et al., 2000) . Explants were cocultured with HEK293T cell aggregates secreting Sema3E-AP or control AP. For dissociated cell cultures, neurons were dissociated and plated onto polylysine/laminin-coated 4-well plates (Nunc) in Neurobasal medium supplemented with 1 mM glutamine, 1:50 B27 (GIBCO), and control AP or Sema3E-AP supernatants (see above). In some experiments, neurons were electroporated with a GFP-pCAGGS vector alone or together with HA-Npn1 or Npn2-myc expression vectors (gifts from A. Chedotal) or different siRNAs (100 pmol) as described (Junghans et al., 2004) . siGENOME PlexinD1 or siGENOME Npn1 Smart Pool siRNAs from Dharmacon RNA Technologies were used. Efficient knockdown of PlexinD1 was obtained using the Smart Pool sequences 5 0 -GCAUCCAGCUGCAUUCAUGUU-3 0 (siRNA1) and 5 0 -AAUGAU GGCUGUCGUCUAAUU-3 0 (siRNA2). The following sequences were efficacious for knockdown of Npn-1: 5 0 -AAUCAGAGUUCCC GACAUAUU-3 0 (siRNA1) and 5 0 -UGUCAAGACUUACAGAGUAUU-3 0 (siRNA2). In some experiments, neurons were cultured in the presence of anti-Npn1 (R&D Systems), anti-Npn2 (kind gift from A. Kolodkin), or Npn1-Fc (R&D Systems).
Quantification of Axonal Growth and Guidance
After 2-3 days in vitro, cultures were fixed and immunostained with mouse SMI31 antibodies (1:1000, Sternberger) or rabbit anti-GFP (1:500, Torrey Pines). Secondary antibodies were goat Cy3-conjugated anti-mouse (1:500 Jackson Immuno Research) and goat Alexa Fluor 488-conjugated anti-rabbit (1:400, Molecular Probes), respectively. Pictures were taken with a Leica DM IRB camera, and axonal length was determined using the NeuronJ software. The guidance effect was quantified as described (Cheng et al., 2001 ) by calculating the P/D ratio, where P and D represent the length of axons extending in the quadrants proximal and distal to the HEK293T cell aggregate, respectively. Axonal growth in dissociated cell cultures was analyzed by measuring for each SMI31-or GFP-positive neuron the length of the longest neurite. Statistical differences were determined with a two-tailed Student's t test.
Immunoprecipitation and Western Blotting COS-7 cells were transfected with HA-Npn1 expression vector and/or equal amounts of VSV-PlexinD1 expression vector using Lipofectamine Plus (Invitrogen). Two days after transfection, cells were treated or not with Sema3E (5 nM) for 1 hr, lysed, and immunoprecipitated with a mouse anti-VSV antibody (gift from A. Lebivic). Complexes were separated by SDS-PAGE and electrotransferred onto a membrane (Immobilon-P, Millipore). Membrane were incubated with mouse anti-VSV antibodies or rat anti-HA antibodies (Roche) and secondary antibodies. Signals were detected with enhanced chemiluminescence system (Amersham, Biosciences).
Behavioral Tests
The animals used to perform the behavioral study were adult male wild-type (n = 11) and Sema3E null (n = 11) mice with equivalent genetic background and the same fetal and neonatal experience. They were aged 5-6 months at the beginning of the experiments. Behavioral testing was conducted as previously described in Malleret et al. (1999) . All experimental procedures were conducted in accordance with the European Communities Council Directive of 24 November 1986 (86/ 609/EEC).
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